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O cancro é uma doença complexa que afeta a multiplicação das células, sendo uma 
das principais causas de mortalidade em todo o mundo. Embora existam vários tipos de 
terapias oncológicas disponíveis, a mais usada para tratar o cancro é a cirurgia e a 
quimioterapia, ambas com efeitos secundários indesejados e limitados ao tipo de cancro. 
A nano medicina é o campo da ciência e da tecnologia, que utiliza sistemas à escala nano 
para o diagnóstico, tratamento ou prevenção de uma doença. As nanopartículas de ouro 
(AuNPs) são utilizadas em diversas aplicações, devido às suas propriedades como a 
biocompatibilidade, relação superfície-volume elevada e facilidade de funcionalização. 
As AuNPs são usadas principalmente em fototerapia, uma vez que a radiação irá 
desencadear uma conversão foto térmica, destruindo as células cancerígenas e por sua 
vez reduzindo o volume do tumor. A terapia genética tem surgido como uma excelente 
abordagem para a terapia oncológica, utilizando oncogenes ou supressores de tumores. c-
MYC é um dos oncogenes mais estudados, cuja expressão é desregulamentada em vários 
cancros, estando envolvido na proliferação, crescimento e metabolismo celular. Deste 
modo, foi sugerida uma terapia combinada, explorando as AuNPs como sistemas de 
“theranostic”, entre a terapia genética e fototerapia. Os resultados obtidos da sinergia de 
ambas as terapias puderam indicar que a hipertermia aumenta a permeabilidade celular, 
aumentando assim o silenciamento genético do c-MYC em quase 70%.   
Palavras-chave: Cancro; Terapia genética; Fototerapia; Nanotecnologia; 




Cancer is defined as a complex set of diseases that affect the multiplication of cells, 
being one of the leading causes of mortality worldwide. Although several types of cancer 
therapies are available, the most used to treat cancer are surgery and chemotherapy, both 
with several side effects and limited to certain types of cancer. Nanomedicine is the sci-
ence and technology field that uses nanoscale systems to diagnose, treat, or prevent a 
disease. Gold nanoparticles (AuNPs) are highly used in biomedical applications due to 
their physical-chemical properties like biocompatibility, high surface-area-to-volume ra-
tio, and ease of functionalization. AuNPs are mainly used in photothermal therapy, since 
the radiation will trigger a thermal photo conversion, destroying cancer cells thus reduc-
ing the tumour volume. Gene therapy has emerged as an excellent approach to cancer 
therapy, using genes to treat a disease using oncogenes or tumour suppressors. c-MYC is 
an oncogene widely studied, whose expression is deregulated in various cancers, being 
involved in cell proliferation, growth, and metabolism. Thus, it was suggested a combi-
natory therapy, exploring the AuNPs as "theranostic" systems, between gene therapy and 
photothermal therapy. The results achieved of the synergy of both therapies indicate that 
hyperthermia enhances the cell permeability, thus increasing the gene silencing of the c-
MYC by almost 70%.   
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This chapter aims to present the key concepts used in this thesis. Here, it will be 
introduced the topic of cancer as well as an overview of the different types of cancer 
therapies; the concepts of nanotechnology and nanomedicine; the use of nanoparticles as 
carriers for therapy; laser ablation in medicine; a combined approach in cancer therapy; 
finishing with primary objectives and framework of the present study. 
1.1 Cancer 
Cancer is known to be one of the leading causes of death worldwide, remaining a 
medical challenge due to the complex combination of various diseases [1].  
Cancer is characterized by the unlimited division and survival of abnormal cells. 
Cancer cells hold special features essential for tumour growth, such as the invasion-me-
tastasis mechanism and the ability to induce angiogenesis. This complexity is intimately 
related to the genome's dynamic transformation, caused by mutations or epigenetic mod-
ifications in specific genes that lead to abnormal growth and loss of cell differentiation 
[2]. The formation of metastases is a product of cell-biological events, formally referred 
to as invasion-metastasis cascades. During the metastatic progression, the tumour cells 
escape their primary sites of growth with a local invasion in adjacent tissue, migrate to 
new sites, and form new secondary tumours by escaping from the blood or lymph vessels 
[3]–[5]. 
Angiogenesis, the formation of new blood and lymph vessels, is a crucial step in 
metastasis since it enhances the entry of tumour cells into the blood and lymphatic circu-
lation system. The enhanced cellular uptake is possible due to the new vessels formed 
being highly permeable, composed of small basement membrane with fewer intercellular 
functional complexes than normal mature vessels [6], [7]. 
Another important mechanism that many cancers develop is the immune response 
evasion. The tumour cells may evade the immune system response by evading the im-
mune cell detection or by inhibiting the anti-tumour immune response. The most common 
tumour escape mechanisms are by downregulation of the MHC class I molecules expres-
sion or by preventing the recruitment of dendritic cells or effector T cells into the tumour. 
It is essential to notice that the tumour microenvironment also influences the T cells and 
NK cells' functions, suppressing the anti-tumour immune response [8].  
 
2 
1.1.1 Colorectal cancer 
The colon and rectum (colorectum) are part of the large intestine, the final part of 
the gastrointestinal (GI) system (figure 1.1). When the abnormal growth of cells occurs 
in the colon or rectum, it is called colorectal cancer (CRC). CRC is characterized as a 
malignant, invasive, and solid tumour formed in the epithelial layer of the large intestine 
wall [9], [10]. CRC factors risks are usually associated with the increase in average pop-
ulation age, sedentary lifestyle, and environmental risk factors like lack of physical ac-
tivity, smoking, and high meat and alcohol consumption [11].  
 
Figure 1.1: Illustration of the colon and rectum, which is part of the digestive system, also 
called the gastrointestinal system. On the right, a more detailed view regarding the location of 
colorectal cancer [12]. 
CRC represents an ideal cancer model to investigate since the tumour progression 
is based on a series of genetic alterations translated to well-defined histopathological 
changes, the so-called adenoma-carcinoma sequence. The adenoma-carcinoma sequence 
describes the abnormal growth of polypoid lesions in the intestine (adenoma). Although 
it is common to have some lesions in the large intestine, these adenomas are associated 
with the increased size and dysplasia of the epithelium. The adenoma-carcinoma se-
quence is mostly related to genetic alterations, due to the activation of oncogenes (e.g., c-
MYC) and inactivation of tumour suppressor genes (e.g., p53) [11]. 
Statistics show in the diagram of figure 1.2, that this type of cancer has high rates 
of mortality and incidences, worldwide. Compared with Portugal cancer cases, in figure 








Figure 1.2: Cancer statistics with the number of incident cases and deaths worldwide, for 
both sexes and ages [1]. The statistics show a large incidence of lung, colorectum, and breast 
cancer. However, colorectum cancer persists as one of the cancer types with high rates of inci-
dence and mortality worldwide.  
 
Figure 1.3: Cancer statistics with the number of incident cases and deaths in Portugal, for 
both sexes and ages [1]. Portugal presents some similar cancer profile statistics, where colorectum 
cancer remains with high rates of both incidence and mortality. 
 
1.1.2 Cancer therapy 
There are different cancer therapies, depending on the type of cancer and how ad-
vanced it is. Each type of therapy has a unique agent of action and its pros and cons,  
which are broadly highlighted in table 1.1 [13]–[15]. 
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Table 1.1: Representation of different types of cancer therapies with their respective 
characteristics [16].  
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1.2 Nanotechnology and Nanomedicine 
Nanoscience is an interdisciplinary concept that cuts across all vertical sciences and 
engineering disciplines, involving the study of materials that exhibit unique properties 
and functionalities at small dimensions. The application of nanoscience to practical de-
vices is called nanotechnology. Nanotechnology consists of the design, characterization, 
production, and application of structures, devices, or systems at a nanoscale (10-9 m) [17]–
[19]. 
Nanomaterials have unique characteristics compared to bulk materials, having 
novel optical, chemical, and mechanical properties useful for diagnosing and treating dis-
eases such as cancer. As such, the concept of nanomedicine was created, with the use of 
nanomaterials as smart components for diagnostic or supporting cooperative therapies. 
Nanomedicine is a potentially efficient method to treat cancer, being a possible solution 
to the main problems cancer therapies face like the low specificity, rapid drug clearance, 
biodegradation, and limiting targeting [20], [21].  
The use of these nanomaterials and nanoparticles (NPs) in medicine to formulate 
drugs or new therapeutic agents, has created many physical and biological advantages 
translated into improved therapeutic efficiency and reduced toxicity. Recently their use 
has been expanded towards the diagnostic field, where these nanomaterials can be de-
signed as contrast agents. Another aspect is the multifunctional use of NPs for targeted 
therapies in cancer, to bind specifically or transport biomolecules on the target site, com-
plemented with image tools. This allows a combined therapeutic and diagnosis effect in 
a complete system referred to as theranostic (figure 1.4). The main goal of the theranostic 
system is to have the ability to diagnose and monitor the diseased tissue, combined with 
targeted drug delivery in a controllable manner [18], [21], [22].  
 
Figure 1.4: Representation of theranostic. Theranostic is the combination of diagnostic 
(represented with bio-imaging tools) and therapy (represented with drug delivery tools).  
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1.2.1 Nanoparticles as nanocarriers in cancer therapy 
NPs size, type, shape, composition, surface charge, and biocompatibility will dic-
tate their behaviour in vivo as well as their therapeutic effect. For the design of an efficient 
nanocarrier, it is crucial to have: precise control over (a) biodistribution; (b) targeting; 
(c) in vivo stability; (d) circulation kinetics; and (e) drug release mechanisms [23]. In 
terms of the NPs size, it is known that it affects the particle circulation in blood or lymph 
vessels. As such, NPs with a small diameter are quickly eliminated from the body, ex-
creted by the kidneys, lowering their circulation time. While NPs with a larger diameter 
than the blood capillaries cannot circulate in the body, being trapped in the capillary bed 













Figure 1.5: Exemplification of NPs categorized according to their type, size, surface, and 
shape.  Adapted from T. Sun, Y. S. Zhang, B. Pang, D. C. Hyun, M. Yang, and Y. Xia, “Engi-
neered Nanoparticles for Drug Delivery in Cancer Therapy,” Angew. Chemie Int. Ed., vol. 53, 
no. 46, pp. 12320–12364, Nov. 2014. 
There are different types of NPs; as such, table 1.2 summarizes several NPs with 






Table 1.2: Representation of the different types of NPs in cancer therapy and their 





1.2.2 Drug delivery and targeting 
NPs can reach the target tissue by passive and active cell targeting. The passive 
targeting is mainly due to the Enhanced Permeability and Retention (EPR) effect where 
by taking advantage of the tumour microenvironment vasculature, allows larger particles 
to pass through the endothelium [23], [40] The enhanced permeability occurs due to the 
accelerated vascularization, in response to the nutritional needs required for cancer tis-
sues' proliferative ability. This biological event translates into gaps in the surrounding 
vessels, leading to extravasation of NPs into cancer cells interstitial fluid, whose retention 
is ensured by the characteristic absence of lymphatic drainage [40]. The drawback of the 
EPR effect is the inhomogeneity in the interstitial holes, which affects the penetration and 
distribution of NPs within the tumour [30], [41], [42]. 
Active cell targeting, also known as the ligand-mediated target approach, is 
achieved by the surface functionalization of nanocarriers with targeted portions that pro-
vide selective recognition of different receptors or overexpressed antigens in cancer cells. 
As such, the therapeutic agent performs in a more specific and selective manner, increas-
ing their therapeutic efficacy [22], [23], [43]. Ligands can be proteins (antibodies or frag-
ments), nucleic acids (DNA or RNA), or small molecules (peptides, aptamer, vitamins, 
glycoprotein, or carbohydrates such as lectins). A classic example of active targeting is 
lectin-carbohydrate, a protein receptor present on the cell surface, used in antiproliferative 
activities by inhibiting the metastatic spread and tumour growth [30], [41], [43]. Figure 
1.6 identifies the types of drug delivery. 
 
Figure 1.6: Mechanism of NP drug delivery via two main mechanisms—passive and active 
targeting. Adapted from R. Sinha, G. J. Kim, S. Nie, and D. M. Shin, “Nanotechnology in cancer 
therapeutics: bioconjugated nanoparticles for drug delivery,” Mol. Cancer Ther., vol. 5, no. 8, pp. 
1909 LP – 1917, Aug. 2006. 
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1.2.3 Cellular internalization of NP 
Cellular uptake has a vital role in the therapy response, as many drugs are directed 
towards intracellular targets [44]. The NPs enters the cell through endocytose vesicles, 
mainly mediated by a network of cellular endosomes in conjunction with the Golgi com-
plex, endoplasmic reticulum, and lysosomes [45]–[47]. The two main pathways of endo-
cytic are phagocytosis and pinocytosis, where NPs are mostly internalized by phagocyto-
sis. While pinocytosis is a process by which liquid droplets are ingested by living cells, 
phagocytosis is a common mechanism in cells with phagocytic capacity (macrophages, 
neutrophils, monocytes, and dendritic cells) to internalize particles (e.g., NPs) [47], [48].  
Depending on the NPs size, shape, and functionalization the cellular internalization 
can be either receptor-mediated endocytosis or non-specific receptor-independent endo-
cytosis. The most effective NP uptake mechanism is the receptor-mediated endocytosis, 
where molecules (ligands) surrounding the particle surface bind to the receptors ex-
pressed on the cell membrane. The receptors over the cell membrane are collected at the 
invagination site by surface diffusion, permitting the endocytosis [49].  
 
1.2.4 AuNP application in cancer therapy 
Nanomedicine focuses on improving traditional medicines by incorporating 
biocompatible nanocarriers, such as NPs. Among the different NPs the AuNPs are the 
most studied and used in biomedical applications. AuNPs are multifunctional agents, used 
for both diagnosis and therapeutic tools, due to their unique physical-chemical properties 





Figure 1.7: Representation of an AuNP and the different cancer therapy applications. 
AuNPs are characterized by being versatile, with the possibility of having different conjugates on 
their surface, as showed in the figure, having several applications on different therapies. Adapted 
from R. Mendes, A. R. Fernandes, and P. V. Baptista, “Gold nanoparticle approach to the selec-
tive delivery of gene silencing in cancer-The case for combined delivery?” Genes (Basel)., vol. 
8, no. 3, 2017. 
 
AuNPs have unique optical properties at the nanoscale, like the Surface Plasmon 
Resonance (SPR) effect, frequently used in biological detections. The SPR effect consists 
of a collective resonant oscillation of conduction electrons, excited by the electromag-
netic field of the light [20], [36], [54]. The SPR is quite sensitive to the composition, size, 
shape, and environment (dielectric properties) of the AuNPs. The UV-Vis spectrum of an 
AuNP solution with a diameter around 14 nm, generally shows a strong absorption band 
with a maximum at 520 nm [36], [53], [55]–[57]. If there is an aggregation of the NPs, 
the spectrum changes, resulting in a spectrum shifting to higher wavelengths [51]. As a 
result, the SPR can be used to measure biomolecular interactions in real-time with high 
sensitivity and with cost-effective methods for biorecognition and detection [52], [53].  
The biocompatibility of the AuNP is a crucial factor to consider before clinical ap-
plications. When the NPs are internalized by the cells, proteins present in the physiolog-
ical environment form a coating called “corona” on the surface of the NPs, resulting in 
an NP-protein complex. This complex, formed due to the immune response, influences 
the NPs properties and the therapeutic effect desired in the treatment [42], [58]. 
To prevent immune recognition, the NPs are commonly functionalized with PEG, 
a biocompatible polymer widely used in several biomedical areas. PEGylation is charac-
terized by the process where the NPs surface is functionalized with PEG. This process 
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“hides” the NPs, by masking their surface with a hydrophilic layer, avoiding immune 
recognition, and extending their blood circulation [51], [58], [59].  PEGylation can be 
done by covalent linking or by adsorbing PEG chains onto the surface of the NP. In this 
case, PEG methylated with a thiol end was used because of the high strength of the thiol-
gold quasi covalent bond (approximately 200 kJ/mol) [58], [59].  
1.3 Laser ablation in medicine 
Light has been applied in the medical field for imaging diagnosis and surgery for 
quite a long time. Depending on the type of procedure, during imaging, the invasion 
should be minimized, while, in surgeries, lasers with more energy are mostly used for 
tissue ablation [60]. Laser ablation is achieved using a laser and a medium, which trans-
ports the laser light inside the cells. The laser is composed of a power source, a medium, 
and a reflecting mirror. These reflecting mirrors deliver a monochromatic light with a 
specific wavelength that defines the laser's properties and the interaction with biological 
tissue.  
Laser-tissue interaction can be described by three main optical events: scattering, 
reflection, and absorption [60]. The light and tissue interaction depends on the tissues' 
optical property and the light source's wavelength. Since the optical property of tissues 
and biomolecules are difficult to modify, the selection of the wavelength of light for med-
ical use should be the focus. The light absorbed/accumulated may have a catalytic effect 
on the tissue, affecting metabolic pathways (changing the enzyme activity) or causing a 
photothermal effect. The photothermal effect is influenced by the laser light wavelength 
(depending on the wavelength, the penetration level on the tissue differs as well as the 
energy applied), laser settings (laser power, energy, and treatment time), and physical 
properties of the tumour cell. In photothermal procedures for cancer therapy, heat is cru-
cial since tumour cells are more susceptible to temperature variation. [61]–[63]. 
 
1.3.1 Phototherapy at the nanoscale 
The most common phototherapy methods for treating cancer are photodynamic 
therapy (PDT) and photothermal therapy (PTT). PTT and PDT are two minimally inva-
sive therapeutic methods, having promising potential in the diagnosis and prevention of 
cancer. The difference between the two is that PTT is referred to as the induction of lo-
calized therapeutic temperature, that stimulates hyperthermia physiological responses. In 
contrast, PDT uses a photosensitive agent that generates ROS, causing cell death by apop-
tosis and necrosis [64].   
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Conventional phototherapy still faces limitations such as limited efficiency and dif-
ficulties in heat dispersion or tissue penetration depth. Nanomaterials, more specifically 
noble metal NPs, have attracted attention in  PTT due to their physical-chemical proper-
ties that could improve the phototherapeutic outcomes [65]. AuNPs are mostly used in 
PTT, due to their efficient ability to photothermal conversion, by using the SPR effect. 
The optical energy obtained by the oscillating electrons turns into heat and transfers via 
electron-phonon relaxation at the maximum amplitude of the oscillation at the specific 
wavelength band (SPR) of the NPs [66]–[68].   
The photothermal conversion efficiency of plasmonic nanostructures is highly de-
pendent on the absorption efficiency. The optical features of plasmonic materials are 
based on absorption, scattering, and extinction. The relative ratio of scattering to absorp-
tion (Csca/Cabs) increases with the nanosphere diameter. NP with a higher diameter ab-
sorbs in the NIR spectrum, as a result, most NPs used in PTT use NIR lasers since the 
NPs photoconversion efficiency is enhanced. NIR lasers are commonly used in PTT due 
to the optical window, where haemoglobin, melanin, and water absorption are reduced, 
allowing a deeper light penetration in the tissues [69]. However, the downfall of using 
AuNPs with a higher diameter in the NIR is that the scattering component is higher, im-
plying a higher loss of energy [70]. In visible light, the AuNPs have a smaller diameter, 
thus exhibit higher light-to-heat conversion efficiency due to the high absorption effi-
ciency. Regarding the use of visible light in medicine, green lasers have been used in 
ophthalmic laser procedures for photocoagulation as a safe tool for tissue ablation, such 
as in retinoblastoma and cataract surgery [71]. In this work, AuNP were irradiated with a 
green laser that emits with a wavelength of ~532 nm. 
 
1.3.2 PTT and hyperthermia 
Hyperthermia is a therapeutic concept in photothermal therapy that indicates the 
rise in body tissues' temperature by radiofrequency, microwave, ultrasound, perfusion 
methods, or light [72]. Hyperthermia is divided into the following three categories: local, 
regional, and whole-body hyperthermia. Local hyperthermia is applied directly to tumour 
sites where the tumour is superficial, unlike regional hyperthermia is applied locally in 
advanced or recurrent tumours. The whole-body hyperthermia is used to treat dissemi-
nated/metastatic diseases like, for example, malignant melanoma [73]–[76]. 
Temperature is a critical component in all thermal laser-tissue interactions. Depend-
ing on the increment of temperature and duration of exposure, different effects may occur 
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including apoptosis, necrosis, coagulation, and vaporization. Hyperthermia induces nu-
merous changes in cellular physiology, as it is described in figure 1.8. Thermal ablation 
usually occurs when the increased temperature in tissue is above 50 °C to induce irre-
versible cellular damage. In contrast, hyperthermia corresponds to the increment of tem-
perature (in a range between 37-42 ºC) that stimulates hyperthermia physiological re-
sponses [63], [76], [77]. Hyperthermia causes changes in a biomolecular level such as 
inhibition of DNA synthesis, increased degradation of aggregated/misfolded proteins, 
disruption of the membrane cytoskeleton, as well as metabolic changes that lead to a de-
crease of the ATP levels and alterations on the membrane permeability [74], [75], [78]. 
In hyperthermia, the temperature rise is based on the threshold of the irreversible thermal 
cell damage. The clinical efficiency is influenced by different factors as cell type, cell 
cycle, physical-chemical aspects, and pH level [79]. 
 
Figure 1.8: Representation of the cellular response to stress in therapeutic hyperthermia. 
 
1.3.3 Hyperthermia and the effects on cancer metabolism 
The biological effects of hyperthermia lead to an alteration of the extracellular mi-
croenvironment, such as activation of immunological responses, enhancement of tumour 
blood flow, permeability, and increased tissue oxygenation [75], [80]. A solid tumour has 
several critical properties compared to normal tissues, including lower values of pH and 
oxygen levels, abnormal vascular network (e.g., heterogeneous, and chaotic vessel 
growth), accumulated substantial stress because of the rapid tumour growth, and elevated 
interstitial fluid pressure (IFP) due to the increased permeability of the tumour-associated 
vasculature combined with the lack of functional lymphatic drainage. As a result, this 
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environment makes tumour cells more sensitive to heat than normal cells setting the ra-
tionale for the use of hyperthermia, especially as a adjuvant therapy [79], [81], [82].  
Hyperthermia affects the tumour microenvironment, most likely by a temperature-
sensitive regulator involved in tumour vascular perfusion and tumour metabolism. Hy-
perthermia boosts the immune response by activating heat shock proteins (HSPs), the 
primary heat response regulators present in the cell membrane [79], [83]. Hyperthermia 
also influences antigen presentation, inflammatory cytokine expression, and lymphocyte 
trafficking. Nevertheless, protein denaturation is the leading cell death mechanism caused 
by hyperthermia.  
1.4 Combination treatment for cancer therapy 
Cancer treatment requires the supportive efforts of multiple medical specialties. 
Although surgeons are often the first specialists to treat cancer patients, the array of can-
cer treatment alternatives is continuously expanding, requiring integrated multimodality 
treatment. Chemotherapy is the most widely used treatment in most types of malignan-
cies. Chemotherapy uses one or more chemical anticancer drugs as part of a standardized 
regimen intending to cure, prolong life, or reduce the symptoms of cancer [84], [85]. 
However, in most cases, the patient presents side effects from the treatment because of 
the treatment's inability to deliver drugs that distinguish tumour effects from normal tis-
sue toxicity. Besides, drugs are administrated to the patient by oral or intravenous routes, 
per consequence the body's metabolic system tries to slow down the administration of the 
drug pharmacokinetics behaviour thus lowering the therapy's efficiency. 
Another problem that chemotherapy brings is how cancer cells develop resistance 
to chemotherapeutic agents/drugs, known as multiple drug resistance (MDR). This phe-
nomenon is associated with tumour cells' resistance to the cytostatic or cytotoxic actions 
to a variety of chemically and functionally anticancer drugs. The drug resistance mecha-
nisms have been discussed through several works and can be generalized to the following 
mechanisms: (a) over-expression of ATP binding cassette (ABC); (b) efflux transporters; 
(c) decrease in drug uptake; (d) increase in DNA repair; and (e) inactivation of chemo-
therapeutic drugs by metabolic enzymes [86]–[89]. 
Most anticancer drugs have a narrow therapeutic index, develop MDR, and present 
unspecific biodistribution on intravenous/oral administration, leading to severe side ef-
fects for healthy tissues. A combined therapy accomplishing three main points that were 
not possible with a single-agent therapy: (a) provides a more specific treatment; (b) re-
duces the side effects increasing the life quality of the patient; and (c) reduces the neces-
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sary dose for the treatment [88], [89]. Therefore, gene therapy emerges as a possible so-
lution, proving a better understanding of tumourigenesis's molecular and genetic mecha-
nisms as well as allowing combinatory therapy approaches [90], [91]. 
 
1.4.1 Gene therapy and nanotechnology 
Gene therapy has been receiving increasing attention in tumour suppression, due to 
the possibility of downregulating specific oncogenes' expression or sensitizing cells in an 
intracellular targeting process. RNA interference (RNAi) is mostly used as an effective 
process of sequence-specific post-transcriptional gene silencing, being an economic, fast, 
and efficient method for cancer therapy. The RNAi molecules are delivered into cells and 
initiate the degradation of the complementary mRNA molecules via cell’s internal ma-
chinery, consisting of enzymes Drosha and Dicer, responsible for the cleavage and deg-
radation of mRNA. This halts the production of the proteins encoded by the mRNAs, 
resulting in a reduction of gene expression [92].  
Small interference RNA (siRNA) has earned attention in cancer therapies, due to their 
potent RNAi activity. The fundamental difference between siRNA and miRNA is that 
miRNA is endogenous while siRNA is artificially synthesized. As a result, the miRNA 
acts on the 3′-untranslated regions of the target gene, whereas siRNA can act on any part 
of the mRNA having a higher therapeutic effect on tumour cells [93]. 
For gene therapy to occur successfully, an appropriate gene delivery system is re-
quired for proper cellular uptake and efficient gene transfer. Viral vectors can mediate 
gene transfer with high efficiency, ensuring a long-term gene expression. However, viral 
vectors present several drawbacks like acute immune response, immunogenicity, limita-
tions of the inserted DNA, and difficulties in scaling into pharmaceutical products. Non-
viral approaches have emerged as a possible alternative for gene transfer, characterized 
by having a low immunogenicity, low toxicity, and high specificity [92]. As such, NPs 
offer an ideal platform for gene delivery providing: (a) protection and stability of thera-
peutic agents against enzymatic degradation (nucleases); (b) control over the distribution 
in the target; and (c) targeted and sustainment delivery of genes in the target tissue [25], 
[92]. 
Molecular nanomedicine applied to cancer therapy relies on the precise, sustainable 
delivery and control of therapeutic agents into cancer cells. AuNPs have been used in 
combinatory approaches, as multifunctional agents, more specifically in photothermal 
therapy due to their ability to improve cellular uptake and per consequence the efficiency 
in gene delivery [25]. AuNPs are described as excellent efficient and specific carriers for 
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gene therapy, due to their ease of functionalization, enhanced cellular uptake, and low 
cytotoxicity. AuNPs carriers have been used for RNAi tools, such as antisense oligonu-
cleotides (ASO) and siRNA [25]. In antisense gene therapy, ssDNA oligonucleotides may 
be delivered into cells, and target specific mRNA molecules inducing inhibition of the 
target gene expression [94]. 
Baptista’s group pioneer uses hairpin ssDNA structures, vectorized via AuNPs, to 
silence any possible RNA mediated pathway inside the cell specifically. NPs have the 
duality of inhibiting the encoded protein expression, plus being a nanocarrier for 
theranostic systems [95]. The Au-nanobeacons developed are an effective molecular nan-
otheranostics platform, having several advantages compared to the traditional methods. 
Naked/unmodified oligonucleotides have some drawbacks like extremely short half-lives 
due to cellular RNases activity, poor chemical stability, and high cost. In contrast, these 
Au-nanobeacon can easily interact with biomolecules for long extended periods due their 
being highly soluble, homogeneous, stable, and not prone to aggregation [95]. It was also 
reported, that these Au-nanobeacons show a higher silencing capability compared to oli-
gonucleotides in an in vivo zebrafish model for gene silencing [96]. 
 
1.4.2 c-MYC oncogene and cancer metabolism 
The oncogene selected for this work was c-MYC, an overall well-studied biomarker 
for cancer. It is estimated to contribute to at least 75% of all human cancers, including 
prostate, breast, colon, and cervical cancers. The proto-oncogene c-MYC encodes a tran-
scription factor, regulating cell proliferation, growth, and apoptosis [97], [98]. MYC pro-
tein is a helix-loop-helix zipper transcription factor that dimerizes with its partner protein 
Max. The MYC-Max heterodimer can repress gene expression through complex for-
mation with the transcription factor Miz1 [99]–[101].  
MYC expression is regulated by normal stimuli, such as growth factor signalling, 
when cells enter the cell cycle and proliferate for tissue repair [100], [102]. c-MYC mRNA 
is short-lived, and in normal tissues, positive regulatory signals are absent, and the c-MYC 
transcription decreases, providing no abnormal proliferative growth. However, in tumour 
cells, the c-MYC function is almost always increased by mutations in the gene itself, com-




1.5 Objectives and Framework 
Following our previous statements, cancer is a heterogeneous disease with diverse 
biological presentations, epidemiology, responses to treatment, and prognosis. As a re-
sult, cancer is one of the leading causes of morbidity and mortality worldwide. Surgery 
is still the first option and the most effective way to remove a tumour and promote cancer-
free life expectancy. Unfortunately, this approach often fails, leading to relapse and di-
minishing patients’ quality of life. The field of nanomedicine provides effective multi-
functional nanocarriers for a range of innovative therapeutic strategies in cancer therapy, 
with the advantage of being less invasive and more specific. Gene therapy is a form of 
treatment that utilizes genes to treat an illness using a carrier and an oncogene or tumour 
suppressor. These therapies can include metal NPs suitable for targeted delivery of drugs 
(e.g., nucleic acids), coupled to novel strategies, such as photo-induced hyperthermia. 
This effect may be enhanced by the photothermal conversion of a light source in the vis-
ible spectral region and improve current therapeutic strategies. Noble metal NPs are 
mostly used in hyperthermia since the visible laser will trigger an enhanced photothermal 
conversion, destroying the cancer cells and reducing the tumour volume.   
The present work aims to use AuNPs, a multifunctional nanocarrier, for combined 
cancer therapy for gene silencing and as a photothermal agent in the target colorectal 
tumour cells. The approach used in this work is presented in Figure 1.9. 
 
 





2 Materials and methods 
In the following, it is described as the methods used for synthesized, characterized, 
and functionalized the AuNPs. Afterwards, the stability assays studies were performed 
followed by the actinometry, the cell culture, and the ICP-AES analysis. The work final-
izes with the RNA extraction and cDNA synthesis for the RT-qPCR analysis.  
2.1 Synthesis of spherical AuNP 
The AuNP were synthesized following the citrate reduction method, described by 
Lee and Meisel [103]. The chemical synthesis of AuNPs is achieved through the reduc-
tion of gold salts to zero valence atoms, from Au3+ to Au0. The citrated-capped AuNP 
(AuNP@citrate) are negatively charged and attract positively charged cations from the 
solution, thus forming a diffuse electrical double layer preventing the aggregation of the 
NPs [51], [104]. The size of AuNPs is controlled by the ratio of concentration between 
the citrate and tetrachloroauric acid added to the solution [104].  
Before the synthesis of AuNPs, the glass material was treated with aqua regia (3:1 
HCl: HNO3). Afterwards, the material is washed with distilled water and Milli-Q water 
to ensure pH 7. The solution tetrachloroauric acid (225 mL, 1 mM) was heated and put 
under rapid stirring to guarantee the solution's homogenous heating. When the solution 
was boiling, it was added a hot aqueous solution of trisodium citrate (5 mL, 2% w/v). The 
solution colour changed from pale yellow to transparent and then deep red, due to the 
formation of AuNPs. Afterwards, the solution was continuously stirred for 15 min and 
allowed to cool at room temperature. AuNP@citrate were sterile filtered using a 0.2 μm 
syringe filter and stored in the dark at 4 °C until further use. 
2.2  Functionalization of the AuNP with PEG  
Polyethylene glycol (PEG) is a coiled polymer of repeating ethylene ether units 
with dynamic and flexible conformations. PEG is characterized as a hydrophilic biocom-
patible molecule with low toxicity [105], [106]. In this work, the AuNPs were function-
alized with a commercial hetero-functional polyethylene glycol-modified with a 350 mo-
lecular weight (g/mol). The functionalization was done by using the protocol of Conde et 
al. [54]. An AuNP solution (10 nM) was incubated with 0.028 % (w/v) SDS and PEG for 
a period of 16 h under agitation at room temperature. The excess of PEG chains was 
removed by centrifugation at 14000×g for 40 min at 4 ºC. The degree of PEG coverage 
on the AuNP surface was evaluated via Ellman’s Assay, to quantify the thiols free in 
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solutions [107]. The Ellman´s calibration curve is showed in Annex D. The AuNPs func-
tionalized with PEG (AuNP@30%PEG and AuNP@100%PEG) were further character-
ized by UV-Vis, DLS, and ZP, as described in the 2.3 section. 
2.3 Characterization of the AuNP 
2.3.1 Characterization of the AuNP by UV-Vis 
The characterization of the AuNP was performed through an empirical UV-Vis 
spectroscopy method, discussed by Haiss et al. [108], where it was possible to estimate 
the diameter of spherical AuNP using the SPR and the molar extinction coefficient [109]. 
The concentration of the AuNPs was calculated by applying the Lambert-Beer equation. 
The equipment used was a spectrophotometer UV-3101 PC UV/visible/NIR double 
beam spectrophotometry (Shimadzu, Kyoto, Japan). Triplicated UV-Vis spectra meas-
urements were taken in the 800-400 nm wavelength range with 1 cm path quartz cuvette 
at room temperature, from 1:10 dilutions of the AuNP@citrate colloidal suspension. For 
the AuNP functionalize with PEG (AuNP@PEG), UV-Vis spectra were taken from 1:100 
dilutions since these NPs were highly concentrated.  
 
2.3.2 Characterization of the AuNP by DLS and ZP 
DLS and ZP analysis was determined by resorting to a Nanoparticle Analyzer SZ-
100 at 25 ºC for the analysis of the NPs hydrodynamic diameter and surface charge [110]. 
The AuNP formulations were diluted in Milli-Q water to a final concentration of 1 nM, 
to avoid the filter's saturation. The analysis was performed at 25 ºC, with a scattering 
angle of 90º, using Milli-Q water as a medium of dispersion, having a total of three meas-
urements performed for each sample.  
2.4 AuNP stability assays 
The AuNP were subjected to increasing ionic strength solutions to assess different 
media's effect in the prepared AuNP conjugates, to further analyse their aggregation pro-
file. If the PEG's functionalization was adequate, the conjugates would sustain higher 
ionic strengths without aggregating [111], [112].  
These stability assays were performed by Rafael Paiva as part of his undergraduate 
project (LBCM) and included here with his approval. The stability assays were tested in 
different types of solution: NaCl with different concentrations for testing the ionic force 
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(from a range of 0-5 M) and PBS along the time (0-120 min) to simulate the osmolarity 
and ion concentrations of the human body (isotonic).  
2.5 Actinometry 
The actinometry measurements were performed with Aberchrome 540TM, E-form 
((E)-a-(2,5dimethyl-3-furylethylidene)(isopropylidene), a chemical actinometer used to 
quantify the number of photons in a beam integrally or per unit time. The Aberchrome 
540, E-form ((E)-a-(2,5-dimethyl-3 furylethylidene)(isopropylidene) succinic anhydride) 
when irradiated with UV light at a wavelength of 350 nm, converts the original colourless 
solution to red, indicating the conversion to the C-form (7,7a- dihydro-2,4,7,7,7a-pen-
tamethylbenzo [b] furan-5,6-dicarboxylic anhydride) [113], [114].  
For these measurements, a solution of 200 µM of Aberchrome 540 was dissolved 
in 2 ml of absolute ethanol. Afterwards, the Aberchrome 540 was irradiated with a UV 
lamp with a 366 nm filter until a photo-stationary state, related to C-form's maximum 
conversion, was achieved. The C-form solution was irradiated with the green laser with 
a wavelength of 532 nm diode-pumped solid-state laser coupled to an optical fibber 
(DPSS) (Changchun New Industries Optoelectronics Tech. Co., LTD, Changchun, 
China). The solution was analysed by UV-Vis spectroscopy, where three measurements 
were taken in the 300-550 nm wavelength range with a 1 cm path quartz cuvette at room 
temperature. It is important to notice that the Aberchrome 540 solution should be prepared 
fresh as it must be protected from the light, to avoid any interferences in the chemical 
actinometer spectra.  
2.6 Cell culture 
The HCT116 cells are epithelial adherent tumour cells, characteristic of CRC in 
humans. These cells are colon epithelial cells, responsible for the constitution of tissue 
from the colon mucosa, commonly used in preclinical model systems for studying tu-
mourigenesis [115], [116]. This cell line was selected since it is one of the most studied 
cell lines in the present laboratory, being the most versatile and simple to maintain in the 
laboratory.  
HCT116 colorectal carcinoma (ATCC® CCL-247™) were grown in DMEM with 
phenol red (pH indicator with red coloration) and supplemented with 10 % (v/v) FBS and 
1 % (v/v) antibiotic/antimycotic. The cell lines were cultivated in T-flasks with 75 cm2 
(SPL Life Sciences, South Korea). The cells were kept in a CO2 incubator (SANYO CO2 
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Electric Biomedical Co.) at 37 ºC, 5 % (v/v) CO2, and 99 % (v/v) relative humidity. Anal-
ysis of mycoplasma was performed weekly through PCR, tested by a lab technician. 
2.7 Cell viability assays 
The cell viability was analysed via two different methods, colorimetric with MTS 
and, staining with Trypan blue. MTS assay is a sensible colorimetric method that quanti-
fies the formazan produced, which consequently is directly proportional to the number of 
viable cells. Trypan blue assay is a rapid and straightforward technique that consists of 
the principle that intact cell membranes exclude certain dyes, while in compromised 
membranes the dye penetrates making it possible to access the cell permeability [117], 
[118].  
During irradiation experiments, DMEM without phenol red was used to avoid any 
interference in the samples irradiated. The DMEM medium with phenol red is a solution 
with red coloration, as such it absorbs the visible light of the green laser, heating the 
solution. The cell viability assays were performed throughout the work in a 96-well plate. 
The 96-well plate was used to guarantee the same reproducibility but mostly due to the 
laser irradiation, since the surface area of a 96-well plate is the same diameter as the light 
emitted by the green laser. 
The Trypan blue assay was performed right after the microplate's irradiation, to 
evaluate the cell membrane's damage. It was added 100 µL of Trypan blue to cover the 
microplate well completely, and after 5 min, it was washed with PBS to remove the ex-
cess. MTS assay was performed 18 h after irradiation, based on studies previously done 
for photothermal assays [113]. After removing the medium, the MTS solution was added 
in the right ratio (80:20) and incubated for 45 min. The absorbance of the samples was 
analysed at 490 nm. The cell viability was determined by subtracting a blank to all exper-
iments and dividing its absorption by control, as is shown in Equation 1. Concerning the 
calculation of the cell viability, three independent biological assays were performed.  
𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝑚𝑒𝑎𝑛 𝐴𝑏𝑠.𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑔𝑟𝑜𝑢𝑝
𝑚𝑒𝑎𝑛 𝐴𝑏𝑠.𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝
 × 100 (1) 
Statistical significance of all data was verified by One-way ANOVA test, per-
formed with GraphPad Prism 6.0 (GraphPad Software, Inc). The Tukey method allowed 
to determine statistically significant differences between the samples and results were 
considered statistically significant for p < 0.05 (Annex E).  
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2.8 ICP-AES (Inductively Coupled Plasma – Atomic 
Emission Spectroscopy)  
ICP-AES is an analytical technique used for the detection of chemical elements. 
ICP-AES is an emission spectroscopy method that excites atoms and ions with a plasma, 
causing it to emit electromagnetic radiation at characteristic wavelengths. The quantifi-
cation is based on the Lambert-Beer equation, where the intensity of characteristics wave-
lengths is proportional to the ions/atoms' concentration.  
The ICP-AES was performed at REQUIMTE, a laboratory that helps in technical 
resources of chemical analysis in FCT-NOVA. For ICP-AES analysis, the cells were 
seeded in a 96-well plate with a cell density of 2×104 cells per well. There were two types 
of samples analysed, the supernatant and the cells with AuNP (with/without irradiation). 
Aqua regia is prepared previously and then added to the falcon tubes. The ICP-AES anal-
ysis requires a control sample with the same material density (5 mL) as a blank, to avoid 
any measurements' interference. The supernatant (1 mL) was stored in 15 mL falcon 
tubes, and PBS was added to wash the cells. Trypsin was added to detach the cells, cen-
trifuge at 300 ×g for 5 min and then added aqua regia, before being stored at 4 ºC. 
2.9 Cell challenge and gene expression 
The cells were seeded in a 96 well-plate with a density of 2×104 cells/well. For the 
hyperthermia characterization, the AuNP were challenged for 4 h. This time point was 
based on previous work done in the laboratory, proven by Pedrosa, where the AuNPs 
have an optimal uptake by the cells between 4-7 h. After this period, the AuNP reaches a 
plateau in the cellular uptake as the NPs tend to aggregate [113].  
For the gene expression, the cells with a density of 2×104 cells/well were challenged 
with the AuNP@PEG@MYC, provided by David Fontinha, with a time point selected of 
6 h. The challenge was performed with 0.6 nM of AuNP@PEG@MYC corresponding of 
36 nM of oligonucleotides (ratio of Au:oligonucleotides = 1:60). The control used was 
cells with AuNP@PEG at 0.6 nM. The cells were later centrifuged at 200 ×g for 5 min at 
room temperature, and the total RNA was extracted from the cellular pellet. 
2.9.1  RNA extraction and quantification  
The RNA extraction protocol was adapted for a 96-well plate; 100 µL of Trisure 
was added to 5 well from the 96-well plate to ensure the sufficient extraction of RNA 
(total volume of 500 µL). Afterwards, the samples were incubated with the Trisure for 5 
min at room temperature and 0.2 mL of chloroform was added. Then the solution was 
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transferred into centrifuge tubes of 1.5 mL and then centrifuge for 12000 ×g for 15 min. 
It is essential to shake the tubes vigorously so that the aqueous phase be on the top, to 
facilitate the RNA extraction.  
After transferring the aqueous phase carefully, the RNA was precipitated by adding 
0.25 mL of isopropyl alcohol. The RNA precipitation efficiency was enhanced by storing 
the solution at -20 ºC overnight and by adding 1 µL a solution of acetate sodium 3 M, pH 
5.5. Afterwards, the tubes were centrifuged at 12000 ×g for 10 min, the supernatant was 
removed, and centrifuged at 7500 ×g for 5 min after adding ethanol to clean the samples. 
Lastly, the samples were left dry at room temperature to remove any remaining ethanol 
and re-dissolve the RNA in PCR water incubating for 10 min at 60 ºC. 
The RNA samples were transported on ice to the spectrophotometer, then it was 
loaded 2 µL of Milli-Q water as the blank and then 2 µL of the sample was loaded to 
quantify the RNA extracted. It is important to register the A260/A280 and A260/A230 
absorbance ratios, to evaluate the quality of the RNA.  
2.9.2  cDNA synthesis  
Reverse transcriptase (RT) is an enzyme that uses an RNA template to generate 
complementary DNA (cDNA). As such, it is possible study mRNA expression via meth-
ods such as RT-PCR (Real-Time polymerase chain reaction) [119].  
The total RNA extracted from samples was reverse transcribed using the NZY M-
MuLV First-Strand cDNA Synthesis kit. The conversion of the RNA to cDNA is done 
on ice and in a sterile nuclease-free microcentrifuge tube, where initially a master mix 
without RNA is prepared. The final volume for the reaction used was 10 µL. The com-
ponents were mixed gently and incubated at 25 ºC for 10 min, then 37 ºC for 50 min, and 
heating at 85 ºC for 5 min. The samples were then chilled on ice and added 1 µL of NYZ 
RNase H and incubate at 37 ºC for 20 min (this step is for RNA removal, to enhance the 
sensitivity of the PCR). 
2.9.3  Real-time polymerase chain reaction (RT-qPCR) 
RT-qPCR is a powerful tool to quantity gene expression by measuring the amount 
of cellular RNA, and so, is a rapid, sensitive method for analysing gene expression. The 
quantitative endpoint for a real-time PCR is the threshold cycle (Ct) as the fluorescent 
signal, where the numerical value of the Ct is inversely related to the amount of amplicon 
in the reaction [120], [121]. 
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The controls in PCR are crucial since positive controls can provide consistent pos-
itive reference data points in each experiment and negative controls for external contam-
ination or other factors, resulting in a non-specific increase in the fluorescence signal. 
The most used method to control sample-to-sample variation, due to biological effects, is 
based on a reference gene. The reference gene is assumed to have equal expression levels 
in each experimental sample; in this case, the reference gene was 18S [121]. 
Relative or comparative quantification uses Ct's difference to determine the differ-
ences in the target sequence's concentration in different samples. The qPCR data were 
analysed by the Ct method (2-ΔΔCt) [121]. The relative gene expression level is calcu-
lated by quantifying the gene of interest (c-MYC) compared to the control gene (18S), 
normalized to the control condition (cells exposed to AuNP@PEG): 
∆𝐶𝑡 = 𝐶𝑡𝑐−𝑀𝑌𝐶 − 𝐶𝑡18𝑆 (2) 
∆∆𝐶𝑡 =  ∆𝐶𝑡𝑡𝑟𝑒𝑎𝑡𝑒𝑑 −  ∆𝐶𝑡𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 (3) 
RT-qPCR was performed with a time point of 6 h of incubation. This time point 
was defined, with David Fontinha's help, as the optimal time point for silencing c-MYC. 
cDNA amplification by qPCR was performed in Corbett Rotor-Gene 6000 thermocycler 
using NYZqPCR Green Master Mix (2×). The reaction mixture was prepared for a final 
volume of 20 µL with 1 µL of cDNA template and the following primers, at a concentra-
tion of 200 nM each: c-MYC forward (5' – GCTCATTTCTCT GAGGACTTGT - 3') and 
c-MYC reverse (5' - AGGCAGTTTATATATATGGCTAAATC – 3'); 18S forward (5'- 
GTAACCCGTTGAACCCCATT - 3') and 18S reverse (5' - CCATCCAATCGGTAG-
TAGCG - 3'). QPCR conditions included an initial denaturation time at 95 ºC for 5 min 
and 40 cycles of 95 ºC for 20 s, 55 ºC for 20 s, and 72 ºC for 30 s. 
Statistical significance of all data was verified by One-way ANOVA test, per-
formed with GraphPad Prism 6.0 (GraphPad Software, Inc). The Tukey method allowed 
to determine statistically significant differences between the samples and results were 
considered statistically significant for p < 0.05 (Annex E).
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3 Results and discussion 
3.1.1 Characterization of the AuNP by UV-Vis 
UV-Vis spectroscopy is a useful technique, providing information about the size 
and concentration of AuNPs. Size estimation of colloidal AuNP may be attained via the 
spectral data's interpolation, as described in figure 3.1 [109]. This analysis considers the 
absorbance at 520 nm (SPR) and 450 nm, whose ratio is proportional to the core size. Of 
course, under this approach, there are some simplifications and some limitations. First, it 
is well suited for analysing small spherical AuNPs with a normal distribution of diameters 
in a steady and stable media [109]. Any changes to the medium dielectric and surface of 
the AuNPs, induce dramatic changes that introduce a considerable bias to the use of this 
approach. Still, due to its simplicity and seemingly straight forward, the above-mentioned 
spectral approach was used.  
Figure 3.2 shows the UV-Vis spectra taken for all the synthesized and functional-
ized NP and nanoconjugates (AuNP@citrate; AuNP@30%PEG and AuNP@100%PEG). 
The concentration of the AuNP was calculated via the Lambert-Beer equation using an 
molar extinction coefficient of 2.33×108 M-1 cm-1 [109]. As a result, the working solutions 
showed a concentration of 10.13 nM, 95.99 nM, and 93.84 nM, respectively. The 
AuNP@PEG has a higher concentration due to the functionalization process which im-
plies high-speed centrifugation.  
A closer observation of the SPR peak position shows a right shift when comparing 
the AuNP@citrate with the functionalized AuNP@PEG. This shift is better analysed 
when doing the moving average of the absorbance of each condition tested, as it showed 
in figure 3.3. The right shift appears due to PEG covering the AuNP surface, changing 
the NPs plasmon behaviour. Indirectly, the shift may also indicate a slight variation of 
the size of the AuNP-conjugate since the surface is cover with PEG. However, it is es-
sential to point out that the increase in size is not very accurate since PEG is a flexible 
polymer, having different conformations on the surface of the AuNP [122].  
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Figure 3.1: Calibration curve using the method developed by Haiss et al. [108], it was possible 
to calculate an approximation of the size in diameter of the metallic core of the NPs. The pro-
cedure was done by taking the absorbance values of 450 nm and 520 nm, calculate the quotient 
and then substitute the value (y) in the function equation shown inside the figure. 
 
Figure 3.2: Visualization of the SPR band of each AuNP characterized by UV-Vis. SPR 
peaks are at 519, 520, and 522 nm, corresponding respectively to AuNP@citrate, 
AuNP@30%PEG, and AuNP@100%PEG. It is possible to infer a slight variation in the SPR band 



























Figure 3.3: Representation of the moving average of the absorbance values corresponded 
to the SPR band in the UV-Vis spectra for each condition tested. The results were treated to better 
visualize the SPR shift between the nanoconjugates, where it is possible to observe a higher shift 
as the % of PEG is increased in the AuNP. 
 
For hyperthermia, AuNPs exhibit excellent properties as photothermal agents, such 
as their versatility, high specificity for the target tissue and strong efficiency on photo-
conversion by taking advantage of the SPR effect [66], [123]. In terms of the UV-Vis 
spectrum of the AuNPs, it is important to characterize the SPR band of the NPs to verify 
if there is any aggregation present on the solution or alteration of the SPR band. In this 
case the PEG is going to alter the SPR, due to the variation in size of the NPs. 
 
3.1.2 Characterization of the AuNP by DLS 
Dynamic light scattering (DLS) is a technique used for the characterization of the 
AuNP, relevant for particle size measurements. DLS is a technique used for AuNPs char-
acterization to measure the variation of scattered light of AuNPs according to their 
Brownian motion, thus obtaining an approximate measure of their hydrodynamic size 
[124]. Factors like temperature, ionic strength, and samples' concentration disturb the di-
electric properties of the NPs changing their size [125]. DLS provides information about 
the z-average and polydispersity index, necessary for the characterization of the AuNP. 
The z-average is the cumulant's mean of the hydrodynamic diameter of the AuNP and the 
polydispersity index is calculated from the cumulants analysis of the DLS measured in-
tensity autocorrelation function [125]. 
The DLS results showed a z-average for the working solutions of 16.6 nm, 17.7 nm, 
and 18.9 nm for AuNP@citrate, AuNP@30%PEG, and AuNP@100%PEG, respectively. 
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There is a noticeable increase of Z-average on the AuNP@PEG due to the functionaliza-
tion of the NPs with PEG. As stated before, PEG is a hydrophilic molecule, so it is ex-
pected that the hydrodynamic diameter of the AuNP to increased depending on the per-
centage of the AuNPs’ surface covered by PEG [51]. Additionally, by comparing the DLS 
and UV-Vis results, it is possible to infer that not only the increase in the hydrodynamic 
diameter of the AuNP@PEG supports the functionalization of the NPs, but also explains 
the right shift showed in the UV-Vis spectra in figure 3.2.  
Polydispersity index (PI) measures the heterogeneity of a sample. Polydispersity 
can occur due to variations in size distribution or aggregation of the sample, during iso-
lation or analysis. For biomedical applications it is crucial to obtain a homogenous and 
monodisperse solution. As such, the ideal PI for polymer-based NPs materials is below 
0.2 [126]. Figure 3.4 shows the particle frequency band, indicating the size distribution 
of each AuNP. Comparing the AuNP@PEG, The AuNP@100%PEG shows a PI of 0.15 
as for the AuNP@30%PEG, a PI of 0.29.  
 
Figure 3.4: DLS measurements show the different AuNP, where it is presented from left to 
right AuNP@citrate, AuNP@30%PEG, and AuNP@100%PEG, respectively. From the DLS re-
sults, it is possible to observe a distinctive difference due to the variation in the size of the NPs.  
The functionalization of the NPs is critical to take into account, more specifically, 
in cases where there is a combinatory therapy approach where the NP surface will be 
covered with other ligands like nucleic acids, proteins, and therapeutic agents [127]. 
Overall, the AuNP presents a low polydispersity with a z-average expected from NPs that 
were functionalized due to PEG increasing hydrodynamic diameter of the NPs. The 
AuNP@PEG has an SPR that is more proximal to the green laser wavelength (532 nm) 
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therefore when irradiated, their capability to convert light to heat increases enhancing 
their photothermal effect on the cells.  
 
3.1.3 Characterization of the AuNP by ZP 
The ZP is used to measure the surface charge, delivering information about colloi-
dal stability [110]. The methoxy PEG surface has a slightly negative to neutral surface 
charge, depending on the pH, which is advantageous for in vivo applications [128]. In this 
case, the AuNP functionalized with different % of PEG will have a variation in the surface 
charge. Consequently, the ZP of the AuNP changes depending on the percentage of PEG 
[110]. 
According to what was mentioned previously, ZP data shows that the surface 
charge of the AuNP decreases depending on the % PEG added (figure 3.5). The results 
of the ZP were -39.8 mV, -45 mV, and -64.5 mV for AuNP@citrate, AuNP@30%PEG, 
and AuNP@100%PEG, correspondingly. AuNP@100%PEG has the most negative sur-
face since the NPs are fully covered with PEG. AuNP@30%PEG shows the most hetero-
genicity, probably due to the instability of these NPs. By comparing the ZP results and 
DLS data, it is possible to assume that there was a successful functionalization of the NPs.  
 
Figure 3.5: ZP measurements of the intensity concerning the charge on the surface of each 
NP. The ZP results show from left to right AuNP@100%PEG, AuNP@30%PEG, and 
AuNP@citrate, respectively.  
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The surface charge is essential to evaluate the AuNPs stability since it may affect 
the cellular uptake and the in vivo fate of the NPs. Cell membranes are negatively charged, 
and cationic agents are more easily internalized by the cells due to the electrostatic inter-
action. However, these cationic agents present more toxicity compared to negatively 
charged agents. As a result, the AuNPs are mostly internalized by endocytosis pathways 
with the possible activation of membrane receptors on the cell surface trigger receptor-
mediated endocytosis, which is known to be a major uptake pathway for AuNPs [58], 
[129]. 
In regards of the characterization, it was possible to presume that the AuNP were 
successfully functionalized with the PEG thiolated supported by the characterization 
techniques UV-Vis, DLS and ZP. The UV-Vis results show the variation of the size of 
the NPs, a fact that is better observed in the DLS where it is possible to observe an in-
crease in the NPs size as the % of PEG is increased. Lastly, the ZP shows the surface 
charge variation, where in result of the PEG functionalization the surface charge of the 
NPs is more negative compared to the AuNP@citrate. However, it is important to evalu-
ate the AuNP@30%PEG stability under different aqueous mediums and laser irradiation, 
since these NPs are going to be used as a multifunctional agent for photothermal conver-
sion and vectors for gene silencing of c-MYC. 
 
3.2 Stability of AuNPs in different media 
The stability of AuNPs is an essential requirement for therapeutic applications, 
more specifically, for a better understanding of the NPs behaviour in vivo. AuNPs are 
prone to aggregation if they are not coated with a capping agent that induces electrostatic 
stabilization. In biological systems, NPs must resist the ionic strength from the aqueous 
medium, preventing aggregation and loss of their physical-chemical properties, especially 
SPR. SPR is an optical property of noble metal NPs, that is highly influenced by the size, 
shape, solvent, surface ligands and charge, temperature, pH, and ionic force of the aque-
ous medium. Therefore, it is essential to guarantee that the SPR maintains unalterable so 






The stability of the AuNP was studied with PBS and different NaCl concentrations 
(0-5 M) to simulate the osmolarity and ion concentration of the biological system. The 
AuNP@citrate presents a variation in the SPR band after the 0.25 M of NaCl added to 
the solution (figure 3.6). The AuNP@citrate does not have any capping agent that induces 
electrostatic stabilization to the NPs. Therefore, they eventually lose their optical proper-
ties with evident signs of NPs aggregations (observed by the solution changing from red 
to blue). 
 
Figure 3.6: UV-Vis spectrum with the AuNP@citrate in solution with different [NaCl] 
ranging from 0-5 M. In this spectrum is possible to visualize the aggregation profile of the 
AuNP@citrate, where right after 0.25 M there are signs of aggregations with a clear shift or a 











































For the AuNP@30%PEG, the SPR is shifted to the right, as showed in figure 3.7. 
In this case, the AuNP is not entirely covered by PEG. The NPs resist the ionic strength 
but are prone to aggregation since the SPR is at a higher wavelength (~ 650 nm). 
 
Figure 3.7: UV-Vis spectrum with the AuNP@30%PEG solution with different [NaCl] 
ranging from 0-5 M. The AuNP@30%PEG present a different aggregation profile, where the SPR 
bands shifted to a higher wavelength indicating the increase of the size of the NPs. 
 
The AuNP@100%PEG resisted the NaCl concentration, as showed in figure 3.8, 
with an inalterable SPR band until 5 M of NaCl. At 5 M, the AuNP SPR suffered some 
alterations with a visible shift to the right. These results show that PEG is an excellent 
capping agent, resisting strong ionic forces as well as indicate that the NPs were success-































Figure 3.8: UV-Vis spectrum with the AuNP@100%PEG in solution with different [NaCl] 
ranging from 0-5 M. The AuNP@100%PEG present a shift at only 5 M [NaCl], presenting the 
highest resistance to the osmolarity and variation of ionic forces.  
 
The AuNP@citrate, in PBS, did not resist the osmolarity, as shown in figure 3.9. 
AuNP@citrate presents particle aggregation signs with a drastic disappearance of the 
SPR band after 60 min in contact with PBS. At 120 min, it is possible to observe a straight 
line in the UV-Vis spectrum, indicating an almost complete aggregation of all nanoparti-
cles with a drastic change in the NP's physical and chemical properties. 
 
Figure 3.9: UV-Vis spectrum with the AuNP@citrate in PBS solution along the time (0-



























































AuNP@30% PEG at 5 min has a slight shift to the right, indicating a variation in 
the NP's size, shown in figure 3.10. The AuNP has an increase in size since the band is 
around 650 nm, and the ratio of the A520/A750 is decreasing as the contact time with 
PBS increases (Annex C – table 5.3). 
 
 
Figure 3.10: UV-Vis spectrum with the AuNP@30%PEG in PBS solution along the time 
(0-120 min). The NPs have the SPR band shifted to higher wavelengths in the first contact with 
PBS and gradually the size of the NPs increases.  
 
The AuNP@100%PEG have more stability, as their SPR band is intact at 520 nm, 
during the entire time the NPs were in contact with the PBS (figure 3.11). With these 
results, it is plausible to assume that the AuNP@100%PEG is the most stable due to 






























Figure 3.11: UV-Vis spectrum with the AuNP@100%PEG in PBS solution along the time 
(0-120 min). The NPs resistance is shown, where the SPR band maintains inalterable along with 
the assay. 
From the stability assays, it is possible to characterize the different types of AuNP 
and the importance of the capping agent. Sodium citrate acts as the reducing and capping 
agent, stabilizing the AuNP surface during the growth phase of their synthesis [130]. Ac-
cording to the stability assays performed, it was possible to assume that the 
AuNP@100%PEG sustained and resisted when submitted to the different NaCl concen-
trations and in contact with the PBS. PEG is a capping agent that induces electrostatic 
stabilization, conferring more hydrophilicity for the NPs. As such, AuNP@PEG were 
further characterized as photothermal agents in hyperthermia regimens to further under-
stand the efficiency of photothermal conversion of the NPs. 
3.3 Actinometry 
Hyperthermia is a photothermal therapy that uses heat (locally or globally) to treat 
cancer cells. It is essential to characterize the power source laser, to ensure that the cells 
receive the appropriate heat within the hyperthermia range. As such, laser characteriza-
tion is an important step to evaluate the amount of energy that is being irradiated to the 
96 well-plate [131], [132].  
The actinometer (AberChrome 540) will measure the laser irradiation photons in 
the visible range (532 nm), changing the spectra due to the chemical photoconversion. As 
a result, it is possible to characterize the laser irradiation, with a linear relation between 
laser power per area and the laser current for posterior AuNP photothermal characteriza-































Figure 3.12 demonstrates the conversion of the AberChrome 540, where it is pos-
sible to view the C form increase at 500 nm and decrease the E form at 300 nm. The 
maximum conversion was obtained after 110 seg of irradiation with a UV lamp with a 
filter of 366 nm, implying that the photo-stationary phase was achieved. Subsequently, 
the AberChrome 540 at the C-form will absorb the laser irradiation. It is possible to de-
termine the number of photons in the laser power source per unit time by reconverting to 
the E-form. This method is proven to be very simple, rapid, and specific compared to 
physical approaches to study the number of photos of the laser-irradiated per area [113], 
[133]. 
Figure 3.12: UV-Vis spectra of the AberChrome540 photoconversion. The UV-Vis spec-
trum was taken from 5 to 5 s in a total of 120 s. The photo-stationary phase was obtained at 110 
s.  
The actinometry characterization was performed by establishing a linear correlation 
between the laser current (mA) and the amount of energy per area received to the 96 well-
plate (W/cm2). It was previously defined by Pedrosa a photochemical quantum yield of 
0.06 for AberChrome540, as the slope of the curve of converted moles of actinometer per 
absorbed photon of light, for the back reaction of C-form to E-form in ethanol [113]. With 
this is possible to calculate the photon flux, defined as the number of photons per second 
per unit area. The laser power per area is calculated by multiplying the photon flux by the 
energy of a single photon and dividing by the surface area of the 96 well-plate. 
Figure 3.13 shows the actinometry with a linear function and the regression coeffi-




























to infer the laser power per area within specific laser potencies. However, with a high R2 
and a linear function between the variables, it is possible to extrapolate to higher powers 
that will be further used in hyperthermia.  
The PTT, in this work, was performed with a green laser in a continuous wave. This 
type of laser emits a continuous laser beam with a controlled heat output, such as laser 
intensity. As a result, it was possible to perform the actinometry and establish a linear 
correlation to evaluate the amount of laser power per area of the green laser. 




































Figure 3.13: Laser calibration measurements with the linear relation between the laser 
power per area and the laser current. The laser current used was between 1-2 mA, where it was 
possible to achieve a linear function.   
3.4 PTT system characterization  
The PTT system comprises different variables, such as time irradiation, laser cur-
rent, AuNP concentration, and the variation of temperature (ºC). To better understand this 
system's evolution and analyse more precisely the increment of temperature on the 
HCT116 cells, a 3D graph was constructed. Figure 3.14 shows the general evolution of 
the system. The parameter that has the most relevance in the variation of temperature is 
the concentration of NPs, as well as the laser power.  
For clinical applications, it is essential to consider the cellular viability and the NP's 
potential cytotoxicity. Following this line of reasoning, the concentration of NPs and the 
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time irradiation and laser potency should be the lowest to achieve the desired efficiency. 
A hyperthermia regimen is achieved in the cells when the increment of temperature 
achieved is around 4-5 ºC. As such, the selection (indicated in the graph) was based on 
figure 3.15, where the time irradiation was chosen was 90 s, with a laser power density 
corresponding to 1.71 W/cm2 with a concentration of NPs of 10 nM. 
AuNP@100%PEG and AuNP@30%PEG after irradiated at 1.71 W/cm2 for the 90 
s were proven to be stable, however, for laser power higher (>1.71 W/cm2), the AuNP 
begin to aggregate indicated by the solution of the well changed from red to a dark blue. 
With these results, it was possible to optimize the hyperthermia for these specific condi-
tions, using AuNP@30%PEG for PTT and gene silencing treatment. 
 
Figure 3.14: Representation of the hyperthermia system in a 3D graph. In this graph, it is 
possible to evaluate the impact of each variable (AuNP@30%PEG concentration, delta tempera-




Figure 3.15: Linear function between irradiation time and the delta temperature registered 
on the 96 well-plate, with different AuNP@30%PEG concentrations. The concentrations used 
were 5 nM, 10 nM, 15 nM, and 20 nM from bot to top accordingly. The delta temperature was 
calculated by inferring the increment of temperature after irradiating the 96 well-plate since the 
hyperthermia regimen is within a specific temperature increment in the cells. From the increment 
of the HCT116 cells temperature with 10 nM of AuNP@30%PEG, it is possible to observe the 
laser power's impact, where only at 1.71 w/cm2 the hyperthermia state is achieved after 90 s of 
irradiation.  
3.5 AuNP characterization as photothermal agents 
Upon irradiating a noble metal NP (e.g., gold, silver, copper) with external light at 
the appropriate wavelength, free electrons on the nanoparticle surface are excited, and 
conduction-free band electrons collectively oscillate at the same frequency. The transfer 
of energy of the SPR has several effects like photoemission, photochemistry, and local 
heating as a photothermal effect. The photothermal effect is where photon energy is con-
verted into thermal energy by plasmonic materials, having a few energy losses other than 
heat dissipation for NPs upon irradiation [134].   
In a hyperthermia system, it is essential to calculate the photothermal conversion of 
the AuNP and the heat generated by the particles upon irradiation to characterize them as 
photothermal agents further. For calculating the heat generated per particle, the thermal 
capacity of water 4.18 Jg-1K-1 (q) and the irradiated mass (m) of 0.2 g were used in Equa-
tion 4, where we calculate Q, the heat energy transferred in joules (J). ΔT is the tempera-
ture variation (calculated by subtracting the final temperature to the initial temperature in 
each nanoparticle assay, minus the variation in temperature for irradiating only water), q 































𝑄 = 𝑞 × ∆𝑇 × 𝑚 (4) 
The number of nanoparticles was calculated using Beer-Lambert law with an ε = 
2.85×10-8 M-1 cm-1 at 520 nm for 14 nm diameter nanoparticles, according to Navarro et 
al. [135] and Avogadro number. Then, by dividing the total heat generated per assay by 
the number of particles and by the irradiation time (90 s), it was obtained a photothermal 
power of 4×10-13 J.s-1 per particle (figure 3.16-a)).  
Regarding the laser intensity, the light energy that gets to each sample is equal to 
the number of photons arriving during irradiation, multiplied by each photon's energy. 
However, it is crucial to notice that not all energy is absorbed by the sample. As such, it 
was first determined the absorbed intensity fraction of the laser, using Equation 5 that 
allows calculating the intensity absorbed fraction of laser (IA), where I0 is the irradiated 
intensity of the laser source and A is the absorption at the irradiated wavelength.  
𝐼𝐴 =  𝐼0 × (1 − 10−𝐴)  (5) 
 
Overall, the AuNP have a photothermal conversion of 71% as shown in figure 3.16-
b).  For 5 and 10 nM, the AuNP@30%PEG have a photothermal conversion of 77% (fig-
ure 3.16-b)), quite similar compared to the literature that projected efficiency of 78 % for 
citrate capped 15.7 nm AuNP [123].  
This proves that the photoconversion is affected by the concentration. The fact that 
the conversion is dependent on the concentrations may be due to the high concentration 
of AuNP. The AuNP concentration causes the effect of an inner filter, where the sample 
is not heated homogeneously. In this case, only the surface AuNP is excited by the laser 
irradiation generating more heat than the ones underneath [136]. Another aspect aside 
from the inner filter effect caused by the AuNP is the heterogeneous irradiation on the 





Figure 3.16: Characterization of the Photothermal effect of the AuNP@30%PEG. On the 
left a), the heat generated per second in the function of the number of particles after laser irradia-
tion of 1.71 W/cm2 for 90 s. On the right b), the photothermal conversion efficiency of 14 nm 
AuNP. 
The photothermal effect is greatly enhanced under plasmon resonance, due to the 
photoconversion capacity of the NPs to convert the transfer photon energy of the light 
absorbed by the laser irradiation into heat. AuNPs are excellent for photoconversion with 
efficient plasmon absorption in the visible and NIR regions since they present photosta-
bility, low luminescence yield, and rapid relaxation of the SPR [68]. 
The capacity for the light-to-heat conversion is not directly predicted by the optical 
absorption spectrum since it depends on parameters such as size and concentration. The 
concentration of the AuNP is related to the inner filter effect that the NP cause on heat 
distribution on the sample. In terms of size, according to Mie theory, larger NPs have 
more scattering than absorption [123], [137]. The plasmon resonance wavelengths are 
significantly less optically tuneable compared to NPs with a larger diameter. Therefore, 
smaller NPs have higher efficiencies due to their higher abs/ext ratios having a lower heat 
dissipation.  
3.6 Cell viability assays 
Cell viability is an essential factor in hyperthermia since it gives information about 
the biological response. The main objective is to make the cells more thermosensitive, 
thus increasing the treatment efficiency in cancer therapy [133]. The two methods used 
to access the cell viability were staining and colorimetric methods (Trypan blue and MTS, 
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respectively). As stated before, the Trypan blue method is a dye used to discriminate cells 
that have their cell membrane damaged selectively. The determination of membrane in-
tegrity is performed by dye exclusion straightforwardly and inexpensively. The drawback 
is that this technique depends on the operator, and it does not relate directly to the viability 
of the cell. MTS is a colorimetric method based on the quantification of the formazan 
produced by the cells. This method is directly related to the metabolic activity translated 
by the increase of absorbance; however, the absorbance is highly influenced by the incu-
bation time, cell type, and cell number. 
The cell viability assays were normalized with HCT-116 cells without laser irradi-
ation or AuNPs. The calculation for the cell viability was performed using Equation 1 
from section 2.7. In the Trypan blue assay, the cells irradiated with AuNP present a lower 
cell viability (3.17), having a statistically significant difference compared to the control 
(HCT116 cells). This value is translated in the number of cells that have the cell mem-
brane damaged, possibly due to the heat generated by the AuNP internalized after laser 
irradiation. Since the Trypan blue assay is a staining method that will discriminate be-
tween cells with the cell membrane compromised, it is plausible to assume that the cells 
irradiated with AuNP have the cell membrane permeability more affected. 
 
 Figure 3.17: Trypan blue assay with a concentration of 10 nM AuNP@30%@PEG, irra-
diated with laser irradiation of 1.71 W/cm2 for 90 s. The assay shows a difference in the cells 
irradiated with AuNP, compared to the cells with AuNP and the cells irradiated. This fact may be 
due to the heat generated by the AuNP when irradiated with the green laser in the same wave-




















cells with AuNP cells irradiated cells irradiated with AuNP
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In figure 3.18, it is possible to the MTS assay results of each condition tested 
(AuNP, laser irradiation, and AuNP + laser irradiation). The cells irradiated with AuNP 
have a statistically significant decrease in cell viability, with a reduction of approximately 
5%, compared to the control (HCT116 cells).  
  
Figure 3.18: MTS assay with a concentration of 10 nM of AuNP@30%PEG, irradiated 
with laser irradiation of 1.71 W/cm2 for 90 s. In the MTS assay, the difference in the cell viability 
is not very predominant in the cells irradiated with AuNP, possibly due to the HCT116 cells 
remain their ability to remain active while other cellular components (e.g., cell membrane) may 
be more affected by the AuNP and irradiation. 
By comparing the MTS and Trypan blue results, it is possible to observe a discrep-
ancy between the cell viability results. These results corroborate the idea that the mem-
brane is damaged while the cells stayed metabolically active after laser irradiation. It is 
plausible to assume that the hyperthermia achieved (with 10 nM of AuNP@30%PEG 
irradiated with a laser current of 3.12 mA for 90 s) induces an alteration of the cell per-
meability, due to the heat generated by the AuNP that may be in the medium or within 
the tumour cells. The cell permeability changes may be useful for combinatory ap-
proaches, where the enhanced cellular uptake increases the treatment's efficiency.  
3.7 Effect of the variation of the AuNP concentration 
The AuNP concentration is a crucial factor in PTT to ensure that the treatment is 
efficient with minimal side effects. As such, cell viability assays (Trypan blue and MTS) 
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In figure 3.19 it is possible to observe the impact of the AuNP@30%PEG concen-
tration on the cell viability of the HCT116 cells. At low concentrations (<5 nM) there is 
a difference between the cell viability assays. However, at 10 nM there is a noticeable 
discrepancy between the Trypan blue and MTS as previously addressed in section 3.6. At 
higher concentrations, the cell viability reduces, with signs of aggregation of the NPs in 
the cells after laser irradiation.  
 
 
Figure 3.19: Correlation between cell viability, tested with MTS and Trypan blue (repre-
sented by blue and orange colours, respectively), and AuNP@30%PEG concentration from 0-15 
nM. The HCT116 cells were challenged with the AuNP and irradiated with laser irradiation of 
1.71 W/cm2 for 90 s.  
The key points in PTT efficacy are mainly focused on the concentration of NPs, 
toxicity, circulation time and subcellular location of the NPs. In terms of the concentration 
parameter, there is a certain threshold between toxicity and effect, where at high concen-
tration there is a higher probability of aggregation and at low concentration there is not 
sufficient NPs to produce the desire therapeutic effect [138]. As a result, it is important 
to define a therapeutic window regarding the PTT mediated with NPs. The surface treat-
ment of the NP is also very relevant because it affects the heat generated by the AuNP. 
The core of the AuNPs acts as a heat-to-light conversion agent and the peripheral part is 
responsible for the NP stability in a physiological environment [139].  
The discrepancy between the MTS and Trypan blue assays, on the cell viability and 
cell membrane integrity, evidence of the alteration of the cell permeability on the cancer 





















the cellular uptake, enhancing the cell permeability. If the photothermal treatment is con-
ducted by continuous wave laser, like the one used during this work, the AuNPs usually 
localized in the cytoplasm are more effective in inducing cell destruction than AuNPs 
localized at the nucleus [140]. As such, it is crucial to analyse the location of the AuNP 
in the cells to further understand the impact of the heat generated by the NPs on the cells. 
3.8 ICP-AES 
To further evaluate the cellular uptake and cell permeability, ICP-AES was per-
formed to quantify the AuNP internalized by the cells. The analysis laboratory's con-
tracted service performed the ICP-AES at the service of Academy and Industry - Chem-
istry Department FCT-NOVA. This analytical technique is used to detect chemical ele-
ments, quantifying the metal compounds (Au) within the sample. Two types of samples 
were taken (supernatant and cellular pellet) with and without irradiation. With these, it is 
possible to infer if the effect of the AuNP, whether it is more prominent outside (medium) 
or inside the cells. Figure 6.1 in Annex A shows the AuNP quantification by ICP-AES 
results with a calibration curve of different Au concentrations [mg/L]. The values were 
converted to % using as control the initial AuNP@30%PEG working solution of 10 nM 
used for the hyperthermia assay (Annex C- figure 5.1) to have a more precise calculation 
of Au's quantification. 
ICP-AES protocol requires a large amount of the sample to minimize the errors in 
the quantification of Au. Since this experiment was optimized for a 96 well plate, there 
are some losses in volume affecting Au concentration. It is essential to point out that the 
cellular suspension has a ~20% concentration than the [Au] initial. The variation of Au 
in the pellet samples with and without irradiation indicates that the cells after laser irra-
diation have a change in the cell permeability. The cells with irradiation have a higher 
concentration of Au of around ~0.009436 mg/L, suggesting that the hyperthermia im-
proves the cellular uptake of the AuNP (see Table 3.1). 
This increase in the cellular uptake may be explained by some studies performed, 
where it was demonstrated the optimization of the cell permeability upon irradiation with 
a visible light laser. As stated in the literature, it was reported the membrane permeabili-
zation of adherently growing ovarian carcinoma cells (OVCAR-3) after irradiated with a 




Table 3.1: Representation of the [Au] calculated for each sample to infer the Au 
internalized by the HCT116 cells.  
Samples % Au [mg/l) 
AuNP initial solution 100.0 0.6070 
Cellular Suspension 20.11 0.1221 
Pellet 0.1439 0.0008737 
Pellet with irradiation 1.555 0.009436 
 
Cellular uptake of AuNPs is essential for PTT mediated with NPs, where the ther-
apeutic effects depend on the NPs cellular location. AuNPs can either remain on the cell 
surface or induce biological responses through different cellular uptake pathways. While 
the cell membrane is the main barrier for the NPs to enter into the cells, damaging the cell 
membrane through the PTT is proven to be a non-invasive and irreversible technique for 
destroying the cancer cells [139], [142].  
The use of continuous wave laser irradiation for PTT mediated with NPs, shown to 
be more effective when the NPs are in the cell membrane. By damaging the cell mem-
brane the NPs alter the cell permeability, enhancing the cellular uptake of therapeutic 
agents [138], [143]. Perfusion and oxygenation of tissues are also favoured by moderate 
heating, which may justify the use of AuNPs for photothermal improvement of cellular 
delivery. As a result, hyperthermia shows to be a potential treatment that uses the incre-
ment of temperature on the cells to affect the cell membrane's permeabilization and af-
fects the tumour cell´s death.  
The AuNPs can be considered as a mass-spring harmonic oscillator driven by the 
energy resonant light wave, therefore the increment of temperature occurs more inten-
sively at the surface of the NP. However, it is important to notice that there is an amount 
of energy that is transferred to the medium. The heating of the AuNPs in the medium is 
also a way to control and guide the NPs to specific locations, with the addition that heating 
the medium may be more effective than the cells [144], [145].  
49 
3.9 Cell viability assay of the combinatory approach 
(PTT and gene silencing) 
After confirming and characterizing the hyperthermia, it was then possible to com-
bine it with the silencing of c-MYC. The protocol and functionalized AuNP for the silenc-
ing of c-MYC were performed by David Fontinha. The cell viability assays were per-
formed in a 96-well plate with an inoculum of 2×104 HCT116 cells/well, with a concen-
tration of 0.6 nM of AuNP@MYC irradiated with 1.71 W/cm2 for 90 s.  
Firstly, it is essential to understand the effect of the AuNP@30%PEG and 
AuNP@MYC on the cells. The cell viability performed was calculated by normalizing 
with normal HCT116 cells. The observed cell viability shown in figure 3.20 shows the 
AuNP increases the cells' metabolism, as previously mentioned in section 3.6. However, 
there is a significant difference between AuNP@30%PEG and AuNP@MYC, where it is 
possible to see the impact of the gene silencing of c-MYC. It was reported that the cells 
undergo some changes in the number of cytoplasmic organelles during the cellular uptake 
[146]. This fact may explain the high metabolic activity of the cells during this process 
in the cells with AuNP@PEG.  
 
Figure 3.20: MTS assay from 2×104 HCT116 cells/well were seeded, challenged with 0.6 
nM of AuNP@30%PEG and AuNP@MYC. The AuNP@30%PEG have higher cell viability 
(>100%) due to the cellular uptake of the NPs increase cell metabolism. The AuNP@MYC have 
a slight decrease in the cellular uptake, possibly because of the decrease in cell proliferation be-
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By considering the influence of the AuNP@MYC on the cells, it was then per-
formed the cell viability assay with laser irradiation of 1.71 W/cm2 for 90 s. The cell 
viability was normalized with HCT116 cells irradiated to evaluate the irradiation effects 
combined with the silencing of c-MYC. The cell viability shows that the laser irradiation 
is an evident influence, where AuNP@30%PEG shows a slight decrease in cell viability 
(figure 3.21). Nevertheless, the AuNP@30%PEG shows high cell viability since they are 
stable after irradiation showing low cytotoxicity. The AuNP@MYC presents a decrease 
of the cell viability, compared to AuNP@30%PEG irradiated. This decrease in viability 
can be explained by the combinatory approach of both gene silencing and hyperthermia, 
where the AuNP internalization was enhanced. These results are supported by the ICP-
AES results, stated in section 3.8.   
 
Figure 3.21: MTS assay was 2×104 HCT116 cells/well were seeded, challenged with 0.6 
nM of AuNP@30%PEG, and AuNP@MYC and treated with laser irradiation of 1.71 W/cm2 for 
90 s. In this assay, the cell viability has a more predominant decrease, probably due to the irradi-
ation and the heat generated by the NPs. 
 
PTT is a minimally invasive treatment method based on the photothermal conver-
sion of the AuNPs to induce hyperthermia. The AuNPs used in PTT are mainly composed 
of the core, which acts as the heat-to-light conversion agent, and the peripheral part that 
is responsible for the stability as well as loading targeting agents. Although the AuNPs 
can passively accumulate in the cancer cells, the uniform and efficient AuNPs cellular 
uptake is complex due to the biological interactions. This fact may be due to the non-
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subcellular sites such as lysosome, endosome, and mitochondria [139], [143], [147], 
[148]. 
In result, the cell viability results support the use of PTT with visible light in this 
specific cell line (HCT116), altering the cell permeability in a non-lethal procedure with 
the purpose of being used in combinatory therapies.  
 
3.10 Gene expression analysis 
Gel electrophoresis is a process of separating biomolecules, based on their sizes, by 
running them through a gel-like matrix by using an electric field. Larger molecules move 
more slowly, while smaller molecules slip through the matrix and move faster and farther, 
thus separating the different fragments based on size. Depending on the biomolecules' 
weight, the agarose's weight varies since it involves the gel matrix's mesh size. High 
weight molecules need a lower % agarose, while small molecules need a higher % to run 
through the matrix gel [149].   
Figure 3.22 shows the electrophoresis gel with the result of the amplification of the 
PCR products. Firstly, it is essential to analyse the controls used, the positive control 
(HCT116 genome), and the negative control is not amplified, meaning there are no signs 
of contamination. By comparing the DNA ladder and the samples, it is possible to visu-
alize a band ~229 bp corresponded to the c-MYC. There may be a presence of dimers 
(second band below 100 bp), nevertheless, these bands are not significant since they are 
not so prominent as the rest of the bands. The samples from 1-4 with the c-MYC primers 
are feebler compared to the 5-8 bands that have the 18S primers. The 5-8 bands are more 
prominent due to the 18S constitutive gene expression. The band 3 and 4 corresponding 
to the AuNP@MYC, and AuNP@MYC@Laser respectively, also seem to be feebler 
compared to the 1 and 2 band corresponding to the AuNP@30%PEG, and 





Figure 3.22: Image of the gel electrophoresis of 1.5 (w/v) during 45 min at 90 mV with the 
ladder (GeneRuler DNA Ladder Mix SM0331 (Thermo Scientific, Waltham, MA, USA)), posi-
tive control as the DNA genomic of HCT116 and the negative control without any DNA template. 
The samples from 1-4 (AuNP@30%PEG, AuNP@30%PEG@Laser, AuNP@MYC, and 
AuNP@MYC@Laser from left to right, respectively) are with c-MYC primers. The samples from 
5-8 (AuNP@30%PEG, AuNP@30%PEG@Laser, AuNP@MYC, and AuNP@MYC@Laser 
from left to right, respectively) are with 18S primers. 
The RT-qPCR provides information about the gene expression of the c-MYC, being 
essential combined with the cell viability assays, to evaluate the synergy between the gene 
silencing and laser irradiation on HCT116 cells. Firstly, it was evaluated the mRNA ex-
tracted, where it is possible to observe in figure 3.23 that the samples treated with irradi-
ation show less amount of mRNA when compared to the cells with only 
AuNP@30%PEG and AuNP@MYC. The difference between the samples treated is more 
noticeable since the laser irradiation itself may enhance cell death or even detached the 
cell from the surface of the microplate. As such, the normalization of the data was per-
formed dividing the samples with and without laser treatment (group 1 and 2 respectively) 
and using the mean in the analysis expression of the c-MYC. 
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Figure 3.23: Results of the mRNA and total mRNA extracted in the HCT116 cells (from 
left to right AuNP@30%PEG, AuNP@MYC (group 1), AuNP@30%PEG@Laser, and 
AuNP@MYC@Laser (group 2), where it is possible to observe the effect of the laser irradiation 
in the mRNA.  
Figure 3.24 shows the RT-qPCR results, using as control AuNP@30%PEG and 
AuNP@30%PEG@Laser, with a threshold defined for the Ct values has of 0.12. Since 
the laser affects the mRNA, the values were normalized considering the total mRNA ex-
tracted for each condition tested. The contrast between AuNP@30%PEG and 
AuNP@MYC (group 1) shows a statistically significant reduction of the c-MYC relative 
expression ~50% (the fold change of 2-ΔΔct is approximately equal to 0.4). When compar-
ing with the results in the literature where there is a reduction of the c-MYC gene relative 
expression of >60%, the gene silencing applied in this work did have indeed a successful 
efficiency in the gene silencing of c-MYC with an operational AuNP pegylated [150].  
In figure 3.24, group 2 shows a reduction of almost 70% after applied the laser 
irradiation (the fold change of 2-ΔΔct is approximately equal to 0.19). It is noticeable that 
the laser irradiation influences greatly the c-MYC expression, supported by the ICP-AES 
and cell viability results, where the laser irradiation enhances the permeability increasing 
the gene delivery in the cells. As such, the gene silencing was possibly enhanced since 
the increased cellular uptake due to the laser irradiation of the PTT treatment. 
This significant reduction of the c-MYC relative gene expression, based on the irra-
diation of the cells with a laser may prove to be an alternative as a transfection method 
for gene delivery like lipofection or electroporation. The combination of the laser irradi-
ation with AuNPs, as excellent vectors for gene delivery, evokes the transient cell mem-
brane permeabilization through their SPR effect. As stated before, the SPR effect of the 
AuNPs is utilized to enhance the photothermal conversion and thus generate more local-






Studies demonstrate the use of AuNPs with visible light laser, for efficient trans-
fection of siRNA without compromising the cell viability of the ZMTH3 cells [151]. The 
results obtained are in concordance with the following, where it was possible to obtain a 
higher gene silencing without damaging the cell viability (>90% in all conditions as 
shown in figure 3.22). 
 
Figure 3.24: RT-qPCR results with the relative quantification of the mRNA expression of 
each condition tested from left to right it is represented group 1 from the previous normalization 
referring to the samples without laser treatment and group 2 the samples with laser treatment. The 
gene expression analysis shows an efficient gene silencing of around 50% without laser treatment 
and after laser irradiation the reduction of c-MYC was about 70%, indicating that after laser irra-






































This thesis proposed to study the combinatory effect of hyperthermia and gene si-
lencing approach, to demonstrate the laser ablation of tumour cells in a controllable man-
ner to further enhance the treatment efficacy.  
It was synthesized and characterized the different types of AuNP to estimate the 
size and surface charge by UV-Vis, DLS, and ZP. The AuNP were subjected to different 
stability assays to ensure their resistance against different osmolarities and ionic forces, 
simulating a biological system. AuNP@PEG showed better stability, proving that PEG is 
an excellent capping agent.  
The PTT system was characterized and optimized, obtaining a hyperthermia state 
on the HCT116 with 10 nM AuNP@30%PEG concentration for laser irradiation of 1.71 
W/cm2 for 90 s. The photoconversion obtained by the AuNP@30%PEG when irradiated 
with the laser, was highly efficient with a value of approximately 77%. Subsequently, the 
cell viability assays were performed to better define the hyperthermia effects since the 
heat may cause effects ranging from reversible to irreversible damages to the tumour 
cells. It is essential to consider some parameters that may induce some side effects in the 
cell viability such as the AuNP concentration (saturation of AuNPs on the cells with pos-
sible cytotoxic effects) and the irradiation itself (excess production of heat and instability 
of gene expression).  
The cell viability assays showed a discrepancy between the TP and MTS assays, 
where it was made the hypothesis of the hyperthermia enhancing the permeability of the 
cells. It was further explained with the ICP-AES experiment, that a higher percentage of 
Au was inside the cells after irradiation. As a result, it was crucial to analyse the concen-
tration of AuNP internalize by the cells to achieve hyperthermia, to further support the 
enhanced cellular uptake of the cells after irradiation.  
By consolidating the AuNP photothermal characterization, the gene silencing was 
performed with the AuNP@MYC. It was showed that gene silencing occurs with an al-
most 50% reduction of the relative gene expression. When combined with the laser irra-
diation, there is a reduction of approximately 70% of the c-MYC gene relative expression.  
PTT mediated with AuNP can sensitize cancer cells to gene silencing by increasing 
cell permeability and intracellular delivery. As such, the controlled release and hyperther-
mia-induced sensitization can lower the required therapy dosages thus increasing the ef-
ficacy of the treatment [152]. This work supports the potential use of hyperthermia as a 
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cooperative treatment, to enhance the cell permeability as well as demonstrates the po-
tential use of AuNP for combinatory approaches, exploring the multifunctionality of the 
AuNP in PTT with green lasers (visible light), in epithelial cancers.
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5. Future Perspectives 
The theme proposed in this thesis, the combinatory approach of hyperthermia and 
gene therapy simultaneously, was innovative and quite challenging, which led to several 
optimizations in the course of the work, with some experiments taking longer than ex-
pected, as it was necessary to modify some existing protocols. On the other hand, during 
the execution of this work, COVID-19 appeared, which limited the practical realization 
of complementary experiences, which is why I present in what follows, a set of additional 
experiments that should be considered in future work. 
 
AuNP and AuNP-conjugates characterization 
AuNP characterization is fundamental since it provides information about the phys-
ical, optical, and structural properties of the NPs. These properties are quite important 
since it affects the NPs behaviour in vivo. Concerning the size of the AuNPs, this was 
estimated through optical methods, nevertheless, to have a more rigorous measurement 
as well as surface composition, a more precise and powerful technique such as Transmis-
sion Electron Microscopy (TEM) should be used. TEM is an excellent tool for character-
izing the size of NPs as well as the chemical composition not only in the bulk but also at 
the surface of the NPs, and this is quite important since could determine the type of func-
tionalization to be used [153]. 
Another aspect to consider is the stability assays performed with the AuNP. The 
AuNP aggregation is intricately related to the SPR effect, an optical property of the NPs. 
It is the main responsible for the light-to-heat conversion in hyperthermia. To further 
examine the SPR, it is essential to look at the factors that influence the NP's size like 
temperature, pH, ionic force, and mechanical forces [90].  
 
Hyperthermia Characterization  
In the hyperthermia system's characterization, it is essential to test more concentra-
tions of AuNP to have a broader range of the AuNP in the therapeutic window for poten-
tial clinical applications. In terms of the AuNP characterization, it would be essential to 
analyse by DLS the AuNP size when subjected to the laser irradiation to observe a vari-
ation of the size of the NPs. These results would provide information about the effects of 
the laser irradiation on the SPR effect and size, interesting for the possibility to better 
understand the photoconversion of the AuNP.  
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Cellular internalization of the NPs 
In terms of nanotechnology applications, it is essential to notice the intracellular 
tracking of the NPs, which affects the therapeutic effect. As stated in the introduction, 
AuNPs uptake's most effective mechanism is the receptor-mediated endocytosis [49]. 
This process can also be called active transport, which can be delayed/inhibited by tem-
perature. To better examine the internalization of the NPs, it would be interesting to eval-
uate the cellular uptake in different temperatures (37 ºC and -4 ºC). After analysis of the 
ICP-AES, it would be expected for fewer AuNP to be internalized at lower temperatures, 
supporting the mechanism of cellular internalization of the NPs [154]. 
Flow Cytometry analysis 
Flow cytometry analysis is based on the measurement of cell characteristics, allow-
ing the characterization of individual cells. This analysis may provide interesting infor-
mation about this cell line (HCT116) and, more importantly, about the cell death mecha-
nism that the cells have with hyperthermia. In hyperthermia, the cell death mechanism 
expected is apoptosis [155]. The apoptosis may occur by protein damage, membrane dam-
age, and cell proliferation. In this case, since the focus is to enhance the cells' permeabil-
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Figure 6.2: Schematic representation of the 96 well plates and the position of each sample: 
orange represents the cells irradiated with AuNP; yellow cells irradiated; blue the cells with 















Table 6.1: Ratio of absorbance (A520/A720) to analyse the level of aggregation of 
the AuNP in PBS along the time. 












The Ellman´s assay was performed to analyse if there were any thiols in solution, 
to indicate the degree of PEG coverage. This colorimetric method is used to quantify the 
thiol ligands, since DTNB reacts with a free sulfhydryl groups in solution changing the 
absorbance and colour of the solution. The result of the Ellman´s assay is a calibration 
curve with several concentrations of PEG, used to apply it into the sample to quantify the 
thiols in solution. The functionalization of the AuNP was made by adding PEG in excess 
in the solution. The AuNP@100%PEG had an absorbance of 0.115 and by converting 
this value to PEG concentration the result is 0 mg/ml, indicating that the PEG added had 
been successfully functionalize in the surface of the AuNP. For the AuNP@30%PEG the 
calculated concentration of PEG was 0.000232 mg/ml. This concentration value was ap-





Figure 6.3: Ellman´s calibration curve. The Ellman´s calibration curve was performed to 
calculate, with the previous standardized solutions, the number of free thiols free in solution that 
is correlated to the %PEG that is functionalized with the AuNP. 





























The statistical analysis was made using the GraphPad Prism 6.0 (GraphPad Soft-
ware, Inc). ANOVA, which stands for Analysis of Variance, is a statistical test used to 
analyse the difference between the means of more than two groups. The One-way 
ANOVA test is uses one independent variable, to determine if there is a statistically sig-
nificant difference between the corresponding population means. Tukey method is a sin-
gle-step multiple comparison procedure and statistical test. It can be used to find means 
that are significantly different from each other. 
In the following table it is demonstrated the One-way ANOVA test using the Tukey 
method for the cell viability and the gene expression results. 
Table 6.2: One-Way ANOVA test with the cell viability results (for the Trypan 
Blue) of the variables tested, compared to the control HCT116 cells. 
 
Table 6.3: One-Way ANOVA test with the cell viability results (for the MTS) of 
the variables tested, compared to the control HCT116 cells. 
 
Table 6.3: One-Way ANOVA test with the cell viability results (for the combina-
tory approach between gene silencing and phototherapy) of the variables tested, com-
pared to the control HCT116 cells. 
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Table 6.3: One-Way ANOVA test with gene expression results of the variables 
tested, compared to the control AuNP@PEG. 
 
